The abiotic and biotic stresses including drought, cold, and disease stress are linked by the fact that they all decrease the availability of water to plant cells. In previous studies, some physiological factors related with plant water status, such as stem sap flow, leaf transpiration rate, and water potential, were used to assess the effects of these stresses on plants. But there are few studies about the effects of these stresses on stem water content (StWC) which can be measured by a novel SWR sensor. In this study, crape myrtle was selected as an experimental subject and its StWC was observed in four experiments including no stress, drought, cold, and disease stress. Before conducting stress experiments, the StWC and environmental and physiological parameters were synchronously monitored under unstressed conditions on a typical day in summer. In the experiment of drought stress, the StWC was monitored under different gradients of soil moisture. In the experiment of cold stress, the StWC was monitored in warm and cold weather, respectively. In the experiment of disease stress, the StWC was monitored under different frequencies of disease treatment. The results showed that the correlation coefficients between StWC and PAR and VPD were larger than 0.5 and the correlation coefficients between StWC and Pn, Tr, Gs, and Ci were larger than 0.8 under no stress. The diurnal mean of StWC decreased firstly, then remained stable for a period of time, and eventually continued to fall under drought stress. On the whole, there was a negative correlation between the diurnal mean of StWC and the degree of drought stress. The StWC showed opposite diurnal variation rules in warm and cold weather. There was a positive correlation between the diurnal range of StWC and the degree of cold stress. The diurnal minimum, maximum, and mean of StWC showed a positive correlation with the health level of plants and the diurnal range of StWC showed a negative correlation with the health level of plants. In conclusion, the StWC can be used as a qualitative evaluation index of the degree of the three types of stress.
Introduction
Plants often suffer from continuous exposure to various abiotic and biotic stresses in natural and agricultural settings. The stresses, such as drought, cold, and disease stress are serious threats to plants and result in the deterioration of the environment. Hence, it is important to distinguish whether plants are under a certain stress.
Drought stress usually occurs when available water in soil is reduced and meteorological conditions cause continuous loss of water by evaporation or transpiration [1] . Drought stress can be quantified as a decrease in water potential (ψ w ) [2] . In most cases, the first response of plants for drought stress is to avoid low ψ w by adjusting stomatal conductance such that the rates of water loss and water uptake remain balanced [3] . As the drought stress becomes severe, the plant is no longer able to keep a balance between water loss and uptake. Under this condition, some additional mechanisms, such as solutes accumulation [4, 5] and cell wall hardening [6] play an important role in keeping plants from dehydration. As the drought stress becomes more severe, it is increasingly difficult for the plant to avoid dehydration. In this case, some additional mechanisms, including protective proteins [7] , metabolic changes [8] , and reactive oxygen species (ROS) detoxification [9] become important for plants in enduring dehydration. In the process of continuous dehydration, plant tissues and organs may suffer from damages, indicating that the plant need to be irrigated immediately.
Cold stress usually can be classified into two types, chilling stress and freezing stress [10] . Compared with chilling stress, freezing stress is more harmful to plants. From the macro perspective, water begins to freeze in the large vessels of the xylem in leaves and stems where dilute sap has a higher freezing point than other solutions in plant [11] . From the micro perspective, water begins to freeze in the extracellular space and then ice crystals dehydrate the cell [12, 13] . As water begins to freeze in plant, liquid water is converted into solid water which is hard to be used by plants, ultimately causing the available water for plants to decrease sharply. Moreover, freezing stress can induce various damages for plants, including cellular dehydration, structural changes in tissues or organs, embolisms in xylem vessels, frost cracks, and plant diseases [14] . In the process of freezing stress, some protection measures should be adapted against cold damages, such as pruning branches, wrapping the trunk, and painting the trunk with white latex paint.
Disease stress usually occurs after plants are infected with various bacteria, fungus, virus, or insects [15] . Upon infection, the plant's water status would also be affected [16] [17] [18] [19] [20] [21] . Roberts and Schreiber investigated the changes of root resistance to water flow in American elm seedlings inoculated with Ceratocystis ulmi and concluded that the water flow of infected plants was reduced to about 40% as compared with healthy plants [17] . Parke et al. and Collins et al. indicated that tanoak infected with Phytophthora ramorum had significantly more tyloses than noninfected trees in xylem vessels, resulting in the reduction of water transport and hydraulic conductivity [18, 19] . Park et al. reported that sap flow velocity was significantly lower in bitternut hickory infected with Ceratocystis smalleyi than that in noninfected trees [20] . Ploetz et al. claimed that avocado infected with Raffaelea lauricola had significantly smaller net photosynthetic rate, stomatal conductance, transpiration rate, water use efficiency, and xylem sap flow rate than noninfected trees [21] . In the process of disease stress, plant water status is disturbed, indicating that some preventive measure should be adapted against disease stress.
Based on the above analysis, it can be concluded that plant water status is significantly affected by drought, cold, and disease stress. Therefore, measuring plant water status contributes to a better understanding of these stresses. So far, most researchers use stem sap flow, leaf transpiration rate, and water potential to assess various abiotic and biotic stresses [10, 22] . But there are few studies about the effects of these stresses on stem water content (StWC) = (volume of water):(volume of stem). In this study, we monitored the StWC of crape myrtle trees. Meanwhile, some environmental and physiological parameters were synchronously monitored. The main objectives were to (1) analyze the response of StWC to environmental and physiological parameters, (2) analyze the response of StWC to drought stress, (3) analyze the response of StWC to cold stress, and (4) analyze the response of StWC to disease stress.
Materials and Methods

Studying Site.
This study was conducted in a nursery (116°20 ′ 43.62 ″ E, 40°0 ′ 41.92 ″ N) near Beijing Forestry University. The study area has a temperature monsoon climate with warm summers and cold winters. The main soil type is clay loam with pH values ranging from 7 to 8. Since 2015, the mean annual air temperature was 12.6°C, and the mean maximum and minimum annual air temperature of the warmest and the coldest months were 36.5 and -12.8°C, respectively. The mean annual precipitation was 620 mm and the mean annual sunshine duration was 2569 hours. A large number of crape myrtle trees were planted in the nursery. These trees with similar morphological characteristics (approx. 2.5 m in tree height, 4 cm in diameter at breast height, 1 m 2 in crown projection area) were selected as experimental subjects.
Measuring Methods
Measurement of Stem Water Content.
StWC was monitored by a self-made high-frequency standing wave ratio (SWR) sensor which had been developed in our previous researches and can detect StWC noninvasively in situ and in real time [23] . Based on the previous researches, the performance indexes of SWR sensor can be concluded as follows: axial sensitive distance ≤ 53 mm, radial sensitive distance ≤ 20 mm, measuring range for StWC 1~100%, measuring sensitivity ≥ 10 mV/1% and average measuring error ≤ 1%.
Measurement of Environmental and Physiological
Parameters. Root-water-uptake rate is related with soil temperature (ST) and moisture (SM). Leaf transpiration rate is influenced by air temperature (AT), humidity (AH), and vapor pressure deficit (VPD). Photosynthetic rate is directly determined by photosynthetically active radiation (PAR). Hence, it is necessary to monitor the six environmental parameters which are external factors to affect the regulation of plant water status. Soil temperature and moisture were measured by 5TM sensor (Decagon, America, temperature range -40~60°C, temperature accuracy ±1°C, moisture range 0~100%, moisture accuracy ±2%). Air temperature and humidity were measured by HMP50-L6 sensor (Vaisala, Finland, temperature range -10~50°C, temperature accuracy ±0.25°C, humidity range 0~100%, humidity accuracy ±2%). PAR was measured by LI-190R sensor (Li-Cor, America, range 0~10000 μmol m -2 s -1 , accuracy ±5%). VPD can be calculated using air temperature and humidity based on the Goff-Gratch formulation [24] .
Plant physiological parameters, such as net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO 2 concentration (Ci) are internal factors to affect the regulation of plant water status. The four physiological parameters were synchronously measured and recorded by LI-6400XT portable photosynthesis system (Li-Cor, America, CO 2 range 0~3100 μmol mol -1 , CO 2 accuracy ±10 μmol mol -1 , H 2 O range 0~75 mmol mol -1 , H 2 O accuracy ±1 mmol mol -1 ). Considering the fact that Tr measured by LI-6400XT just represents the leaf transpiration 2
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Experimental Methods.
Before conducting the experiments of drought, cold, and disease stress, we monitored StWC of crape myrtle trees under unstressed conditions on a typical day in summer. In this experiment, three well-grown crape myrtle trees were chosen as experimental samples in the nursery. In the meantime, environmental parameters were automatically measured by self-developed data logger in the whole day and plant physiological parameters were manually measured by LI-6400XT portable photosynthesis system from 6:00 to 18:00 at intervals of an hour.
In the experiment of drought stress, crape myrtle trees were divided into experimental and control group with three trees in each group. Each tree was cultivated in a polyresin pot with the volume of 10.2 L. The textural compositions of the soil in the pots were sand 0.61 g g -1 , silt 0.28 g g -1 , and clay 0.11 g g -1 . The soil surface in the experimental group was covered by plastic wrap to prevent water from evaporating. Compared with the experimental trees without irrigation, the trees in the control group were fully irrigated every day. This experiment was conducted in a greenhouse and lasted for ten days between April and May. In the start stage, the drought stress was slight with soil moisture between 9% and 14%. In the middle stage, the drought stress was moderate with soil moisture between 7% and 11%. In the end stage, the drought stress was severe with soil moisture between 5% and 9%. During the three stages of drought stress, StWC and environmental parameters of all samples were monitored. In addition, the weight of the pot in experimental group was synchronously monitored to calculate the whole-tree transpiration.
In the experiment of cold stress, three crape myrtle trees were chosen as experimental samples in the nursery. In order to observe the responses of StWC to warm and cold weather, respectively, under natural environment, the experiment was divided into two stages. In the first stage, the experiment was carried out in early September when the trees were in growth period and the air temperature ranged from 17.9 to 30.9°C. In the second stage, the experiment was carried out in late November when the trees were in dormancy period and the air temperature ranged from -5.6 to 7.9°C. During both stages, StWC and environmental parameters of all samples were monitored.
Based on historical cultivation experience in the nursery, Eriococcus legerstroemiae Kuwana usually parasitize in the cracks of the trunk in winter, thus causing the crape myrtle trees suffering from sooty blotch in June. In order to obtain different disease degree of samples, crape myrtle trees were divided into three groups with 24 trees in each group and disease treatments, such as pruning branches and spraying lime-sulfur mixture, were adopted for the three groups with different frequencies. In the first group, disease treatments were taken both in winter and spring and then the trees were healthy without disease (no black spots on leaves). In the second group, the same disease treatments were taken only in spring and then the trees were slightly infected with sooty blotch (black spot area less than 1/3 of leaf area). In the third group, no disease treatment was taken at any time and then the trees were severely infected with sooty blotch (black spot area more than 1/3 of leaf area). During the germination process of crape myrtle tree, StWC and environmental parameters of all samples were monitored. This experiment was conducted in the nursery from May to July.
2.4. Data Collection and Preprocessing. The data including StWC and environmental parameters were collected using the self-developed data logger (8 MB flash, 16-channel, and 12-bit ADC, 0~2.5 V range, 2-channel RS-232, 2-channel RS-485) at intervals of 10 minutes. The sensors measuring environmental parameters were installed on the selfdesigned bracket (Figure 1(a) ) and the SWR sensor measuring StWC was installed on the tree stem at breast height which is set to 1.3 m above the ground in forestry (Figure 1(b) ). Then, all sensors mentioned above were connected to the data logger. In the process of data collection, the sensor data was affected by missing data and abnormal values due to instrumental error or some other external factors like severance of connectivity or power shutdown. These missing data was interpolated using rolling average of available data of past three samples. These abnormal values lying outside the permissible range for the corresponding parameter were also replaced by rolling average of past three samples. Then, all data was further denoised using mean filtering with the window length of three.
Results and Discussion
Response of StWC to Environmental and Physiological
Parameters. Drought and cold stress are essentially determined by environmental parameters. Then, these stresses in turn will affect plant physiological parameters. Therefore, it is necessary to analyze the response of StWC to environmental and physiological parameters under natural environment before analyzing other experiments including drought and cold stress.
The correlations between StWC and environmental parameters were analyzed under unstressed conditions on a typical day in summer (Table 1) . Correlation analysis suggests that AT, PAR, and VPD were significantly negatively correlated with StWC and AH was significantly positively correlated with StWC. Considering that AT and AH can be characterized by VPD, we further analyzed the diurnal variation rule between StWC and environmental parameters including PAR and VPD. As can be seen from Figure 2 , when PAR or VPD increased in the morning, water loss rate by leaf transpiration was greater than water absorption rate by root, thus resulting in the fall of StWC. Nevertheless, as PAR or VPD reached a certain threshold at midday, there was a dynamic balance between water loss and water absorption due to the midday depression, thus resulting in small fluctuations of StWC. When PAR or VPD decreased in the afternoon, water loss rate by leaf transpiration was smaller than water absorption rate by root, thus resulting in the raise of StWC [25, 26] .
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The correlations between StWC and physiological parameters were synchronously analyzed in the same case ( Table 2 ). Correlation analysis suggests that Pn, Tr, and Gs were significantly negatively correlated with StWC and Ci was significantly positively correlated with StWC. Comparing Table 1 with Table 2 , it can be concluded that the Journal of Sensors correlation coefficients between StWC and physiological parameters were generally greater than that between StWC and environmental parameters. The reason for the difference may be that the physiological parameters directly affect StWC, but the environmental parameters indirectly affect StWC by changing the physiological parameters [27, 28] . In addition, we further analyzed the diurnal variation rule between StWC and the four physiological parameters (Figure 3 ). Comparing Figure 2 with Figure 3 , the diurnal variation rule between StWC and physiological parameters excluding Ci was similar with that between StWC and environmental parameters. And there was an obvious midday depression of Pn and Gs, thus resulting in the rise of Ci and the fall of Tr, respectively [29, 30] . Therefore, the StWC also increased at midday. The Tr decreased from 11:00 to 13:00, during which time water loss rate by leaf transpiration was smaller than water absorption rate by root, thus resulting in the rise of StWC from 10:00 to 12:00. The Tr increased from 13:00 to 14:00, during which time water loss rate by leaf transpiration was greater than water absorption rate by root, thus resulting in the fall of StWC from 12:00 to 14:00. And the change of StWC was ahead of the change of Tr about an hour. Based on the above analysis, the conclusion can be drawn that StWC Figure 4 . From an overall perspective, the weight of pot and soil moisture continuously declined throughout the period of drought stress (Figure 4(a) ). As shown in Figure 4(b) , the diurnal mean StWC of the tree in the control group with adequate irrigation was steady and the diurnal mean StWC of the tree in the experimental group without irrigation showed diversity which can be divided into three stages. In the start stage of drought stress (from April 28 to May 1), the water potential of the tree was higher than that of the soil and then the water content of the tree would decrease, resulting in the reduction of the diurnal mean StWC. In the middle stage of drought stress (from May 2 to May 4), as the drought stress became severe (soil moisture less than 11%), the water potential of the tree would equilibrate with that of the soil by accumulation of solutes and cell wall hardening [10] , resulting in the stabilization of the diurnal mean StWC (approx. 42%). The length of stable time was dependent on the drought resistance of crape myrtle. In the end stage of drought stress (from May 5 to May 7), as the drought stress became more severe (soil moisture less than 9%), the balance of water potential between tree and soil was destroyed, resulting the further decline of the diurnal mean StWC. When plants are in the end stage of drought stress, some morphological and biochemical responses of plants will cause negative effects on plants [31] . In terms of morphological response, drought stress can cause impaired mitosis, cell elongation, and expansion resulting in reduced growth and yield traits [32, 33] . In terms of biochemical response, drought stress can cause the increase of ROS level resulting in oxidative damage to proteins, DNA, and lipids [9] . Hence, in order to reduce the damages for plants, the diurnal mean StWC in the middle stage of drought stress can be regarded as the critical threshold of irrigation.
In this experiment, some interesting phenomena were observed. As shown in Figure 4(a) , the weight of pot showed a downward fluctuation trend. Compared with the period from April 30 to May 2, the weight of pot changed more significantly between May 3 and May 4. As shown in Figure 4 (c), the weight of the pot appeared to have an obvious increase (approx. 29 g) at night. This phenomenon may be caused by two factors. One factor was that the VPD is usually Journal of Sensors very low in the greenhouse at night resulting in the formation of condensation water on leaves [34] . The other factor was that the transpiration of plants is usually extremely weak at night and the growth rate of plants at night is faster than that in the daytime resulting in the accumulation of biomass [35] . Meanwhile, as shown in Figure 4(d) , the soil moisture in pot appeared to have a slight increase (approx. 1.6%) during the daytime. This phenomenon may be caused by strong transpiration resulting in the increase of soil moisture near the roots where the 5TM sensor was placed [36] .
Response of StWC to Cold
Stress. The responses of VPD, PAR, and StWC to temperature stress are shown in Figure 5 . As shown in Figure 5 (a), in warm weather with high VPD and PAR, StWC gradually increased at night and decreased during the daytime. As shown in Figure 5 (b), in cold weather with low VPD and PAR, StWC gradually decreased at night and increased during the daytime. Therefore, it can be concluded that the StWC showed opposite diurnal variation rules in warm and cold weather, respectively. In addition, the mean diurnal range of StWC in cold weather (approx. 9.4%) was significantly larger than that in warm weather (approx. 2.7%). In order to further analyze the response of StWC to cold stress, the periodic variation rule between StWC and air temperature in cold weather is shown in Figure 6 . When the air temperature fell below 0°C at night, the StWC slowly decreased. When the air temperature rose above 0°C during the daytime, the StWC gradually increased.
Considering that chilling stress can restrict root water uptake by decreasing the VPD [37] and increasing the viscosity of soil moisture [38] , then it caused the slow decrease of the StWC. Hence, the conclusion can be drawn that the plant may suffer from chilling stress when the air temperature is lower than 0°C. When the air temperature fell below -5°C on November 28, the StWC sharply decrease by 5.5% in 210 minutes. When the air temperature rose above -5°C on November 28, the StWC sharply increased by 9.8% in 160 minutes. Considering that freezing stress can induce the formation of ice in the large vessels of the xylem in stems [11] , then it caused the sharp decrease of the StWC. Therefore, it can be concluded that the plant may suffer from freezing stress when the air temperature is lower than -5°C. Based on the above analysis, we can conclude that cold stress can weaken the water regulation ability of plants and then result in the larger diurnal fluctuation of StWC.
3.4.
Response of StWC to Disease Stress. The StWC changing curves of crape myrtle with different health levels during the period of germination are shown in Figure 7 . In the long term, the diurnal mean StWC of healthy and mild disease tree decreased firstly then increased. However, the diurnal mean StWC of severe disease tree decreased all the time. Considering that the better understanding of the effects of disease on StWC can contribute to the early diagnosis of the disease, we further analyzed the diurnal variation rule of StWC under disease stress. The diurnal minimum value, maximum value, mean value, and range value of StWC were selected as feature parameters which were used to represent the diurnal variation rule of StWC. The means and standard deviations of the four feature parameters among different health level groups on June 1 are shown in Figure 8 . The health level of the groups, in descending order, was healthy group > mild disease group > severe disease group. The diurnal minimum value, maximum value and mean value of StWC showed a positive correlation with the health level of the group and the diurnal range value of StWC showed a negative correlation with the health level of the group. Meanwhile, the effects of disease on the four feature parameters were tested using one-way ANOVA analysis. As can be seen from Table 3 , the four feature parameters differed significantly (p < 0:001) among different health level groups, indicating that the health status of the tree can be diagnosed by analyzing the four feature parameters. The effects of disease on StWC also can be interpreted based on plant physiology. The cankers caused by disease can induce the formation of tyloses which can cause the reduced hydraulic conductivity, xylem function [39] , and water transport [40] in affected stems, ultimately resulting in the decrease of diurnal mean value of StWC and the increase of diurnal range value of StWC.
Conclusions
In this study, the novel SWR sensor was used to monitor the StWC of crape myrtle trees. The responses of StWC to environmental and physiological parameters, drought, cold, and disease stress were analyzed, respectively. In the meantime, the effects of the three types of stress on StWC were interpreted based on related mechanisms. The results proved that the StWC was simultaneously affected by both environmen-tal parameters determined by stress degree and physiological parameters. To some extent, both were coupled with each other and difficult to separate. Therefore, it was difficult to quantitatively evaluate the effects of drought, cold, and disease stress on StWC. But the StWC still can be used as a qualitative evaluation index of the degree of the three types of stress.
(1) In the start and end stage of drought stress, there was a negative correlation between the diurnal mean of StWC and the degree of drought stress. In the middle stage, the diurnal mean of StWC remained stable for a period of time; the length of which can characterize the drought resistance of plants (2) In the case of cold stress, the StWC showed opposite diurnal variation rules in warm and cold weather, respectively. There was a positive correlation between the diurnal range of StWC and the degree of cold stress. The decline rate of StWC under chilling stress was significantly less than that under freezing stress 
